A novel integrated thermistor probe for temperature evaluations in radiofrequency-heated environments was realized. The probe's sensitive area is based on a highly resistive 50 µm × 100 µm layer of amorphous germanium processed on a glass tip. The small dimensions allow measurements with a distance as close as 150 µm from solid boundaries. Due to its high temperature resolution of 4 mK and its short response time of the order of 10 ms, the sensor is very well suited for dosimetric measurements in strong absorption gradients. The influence of radiofrequency (RF) electric fields on the signal is minimized due to the high resistance of the sensor and the leads. The probe was successfully used to determine the highly nonuniform absorption distribution resulting from the RF exposure of cell cultures placed in Petri dishes.
Introduction
Spatial gradients of the specific absorption rate (SAR) in tissue structures induced by radiofrequency (RF) electromagnetic field exposures can amount to several dB/mm and can lead to localized peaks in SAR, e.g., in the meniscus of exposed cell cultures (Schuderer et al 2004a) . This might result in local temperature hot spots that could trigger biological responses. Miniaturized, rapidly responsive dosimetric temperature probes are needed for the characterization of such RF-induced field and temperature absorption patterns. Applications for thermal dosimetry concentrate on health risk research of potentially hazardous electromagnetic fields and on clinical application of localized hyperthermia and safety assessment of MRI. For health risk research, the evaluation of the SAR of in vitro and in vivo models requires particularly very localized dosimetry. Here, high resolution measurements in strong gradients and close to solid boundaries as well as organ-specific evaluations in rodents are needed, which can only be provided by a submillimetre probe. The smallest E-field probes for measuring SAR have a spatial resolution of not better than 1 mm 3 (Poković et al 2000) , whereby the boundary effects prohibit measurements closer than 1 mm to any boundary. A temperature probe with a resolution of considerably less than 1 mm providing a fast response time would enable the closing of this gap in micro-dosimetry.
A suitable probe for the specified applications would need to fulfil several requirements:
• Small dimensions. The probe should be very small in order to resolve the strong temperature gradients and not to disturb temperature and electromagnetic field distributions.
• Nonconductive materials. Only electrically nonconductive materials are suitable for the probe to avoid self-heating due to induced RF currents and to provide RF transparency.
• Low noise level. Especially for dynamic temperature measurements, e.g., for SAR assessment, very small temperature changes need to be detected accurately. Therefore, the noise level of the probe should be as small as possible and not more than 10 mK.
• Short response time. A short thermal response time of the probe is required for the analysis of nonuniform SAR distributions. Figure 1 (a) shows a typical temperature response of a lossy medium to an RF exposure. A linear temperature increase dT /dt dependent upon the local SAR value (SAR = c · dT /dt, c: specific heat capacity) is only present for a certain exposure duration until heat flow processes set in and finally lead to a steady state temperature. Therefore, SAR measurements must be conducted in the linear temperature range before heat transfer becomes dominant. Moros and Pickard (1999) derived a rule of thumb to estimate the duration t of this linear range as a function of the thermal diffusivity D of the medium and a characteristic length scale α of the spatial variation of
However, the probe requires a characteristic time to obtain thermal equilibrium with its environment. Figure 1 (b) shows the RF heated medium and the response of an idealized sensor with infinite thermal conductivity and a characteristic time constant τ (data derived from a lumped heat-capacity approximation, Michalski et al (2001) ). It can be seen that the sensor always measures an incorrect temperature but leads to a negligible error in dT /dt or SAR measurements after approximately five times its time constant (figure 1(c)).
In conclusion, accurate evaluation of SAR is only possible in the time window t with 5τ t α 2 (π 2 D) −1 . Spatial gradients of SAR can have a characteristic length scale in the order of 1 mm (see in vitro application below) leading to t 1 s in aqueous medium (D = 1.3 × 10 −7 m 2 s −1 ). Therefore, a suitable thermal sensor to resolve such gradients requires a time constant of τ 200 ms in order to allow for a sufficient time period of SAR evaluation.
Bowman (1976) has presented a design for a temperature probe based on a high-resistance thermistor sensor, operated within a four-wire configuration. Burkhardt et al (1996) report a sensitivity of 5 mK for a probe based on a VITEK thermistor element with a tip diameter of 1 mm (BSD Medical Devices, USA). The characteristic response time was measured to be 240 ms. Alternative sensor concepts utilizing optical effects have the advantage of providing high immunity to RF exposure. The effects employed were temperature-dependent fluorescent decay or interferometric microshifts of cavity resonators. Commercial probes are available for this design, e.g., Luxtron Corp., 700 Series, USA. This sensor has a noise level of 100-250 mK, a response time of 250 ms and a probe size of 0.2 mm. However, none of these probes fulfil the requirements for measurements in highly nonuniform SAR distributions. Both probes have --) as a function of time after the RF was switched on (the response for an actual, non-ideal sensor is qualitatively similar; however, the curve can no longer be described with a simple exponential function, see Michalski et al (2001) ). (c) Deviation between the temperature increases for sensor and medium, corresponding to the error in SAR. Errors become negligible after a period of approximately five times the characteristic response time τ of the sensor.
too slow response; in addition, the VITEK sensor is too large in size, and the Luxtron probe has too low sensitivity for accurate measurements.
Here we present the development of a novel integrated dosimetric temperature sensor providing a noise equivalent temperature of 4 mK, a response time of the order of 10 ms and a sensitive element with the dimensions of only 50 × 100 × 0.25 µm 3 .
Design
The developed sensor is a four-wire thermistor structured by standard photolithography, based on the technology described in Urban et al (1990a Urban et al ( , 1990b and Kuttner et al (1991) . Its sensitive element consists of an amorphous germanium layer (a-Ge), evaporated on a Pyrex glass substrate which has a thickness of 250 µm (figure 2). The dimensions of the a-Ge layer are l × w × h = 50 × 100 × 0.25 µm 3 . The distance from the a-Ge centre to the tip edge is 150 µm. A resistance of 4 M for the a-Ge is present between two adjacent conduction paths, corresponding to a sheet resistance of 43 M / 4 . To connect the a-Ge layer with the bonding pads, four conduction paths were deposited by the evaporation of 0.25 µm thick and 5.6 µm wide titanium-gold-titanium layers (resistance: 600 k , sheet resistance: 110 / ). Titanium enhances both the adhesion of gold to the substrate and the adhesion between gold and the insulation layer. High resistances for both a-Ge and Ti/Au have been used to reach RF immunity. The sensors were tempered at 420 K for 4 h and finally insulated by evaporation of a 1 µm thick SiN x passivation layer (resistivity 10 14 cm). The realized glass substrates have the dimensions of l × w × h = 30 × 0.4 × 0.25 mm 3 and are fixed in a plastic probe case. The sensor is electrically operated with a 1.5 V battery together with a resistance network, leading to a sensor current of 20 nA. Carbon microstrip lines with a resistance of 480 k , 800 / connect the sensor to the readout electronics (DASY3 DAE unit, 200 M input impedance, Schmid et al (1996) ).
Thermistor performance
The performance parameters for the novel temperature sensor are summarized in table 1. In particular, the following results were obtained. Characteristic response time <14 ms Self-heating <0.1 mK Noise due to RF coupling (1 kV m −1 E-field parallel to tip) <20 mK a Sheet resistance for an arbitrary sized square of material layer is given. b Aqueous medium assumed, c = 4187 J kg −1 K −1 .
Calibration
The sensor signal could be well fitted in the range from 0
• C to 60
• C to an exponential function for the resistance R according to the equation R(T ) = R 0 exp(−T /T 0 ). Maximum absolute deviations of less than 50 mK from the Pt100 reference probe (accuracy better than 30 mK) were achieved with this kind of calibration. A temperature coefficient of resistance (TCR) of −1.9 %/K at 25
• C was found. Hysteretic errors for cycling the temperature from 0
• C to 40
• C are below 50 mK.
Temperature sensitivity
If the probe is placed within a temperature-stabilized ice water bath (temperature instability <1 mK), the noise level of the temperature is 4 mK (standard deviation at a sampling rate of 50 Hz). The noise-equivalent temperature changes dT/dt are 0.5 mK s −1 (SD) for a linear regression of the data over a 10 s period and 8 mK s −1 for an only 1 s linear regression. This corresponds to noise-equivalent SAR values of 2 W kg −1 and 33 W kg −1 in aqueous media (c = 4187 J kg −1 K −1 ).
Response time
The response time of a temperature sensor is limited thermally or electrically. The RC time constant of the whole probe connected to the microstrip lines is 0.1 ms, limited by the stray capacity and thermistor resistance. The characteristic thermal time constant was determined by suddenly inserting the probe into liquid media. A characteristic response time of 14 ms was found. This quick response guarantees fast, artefact-free measurements: SAR evaluation becomes accurate already 50 ms after the RF has been switched on. In this way, spatial SAR gradients with a submillimetre characteristic length scale can be resolved.
Self-heating
The self-heating of the thermistor at the applied sensor current of 20 nA is less than 0.1 mK. Possible self-heating was evaluated while keeping the sensor inside a temperature-stabilized water bath and measuring its resistance dependent upon the sensor current. Current was applied up to 1.6 µA. No changes in resistance could be detected.
Sensitivity to RF
The objective of this investigation is to quantify the artefacts of a worst-case RF environment on the sensor output. The RF may interfere with the probe via: (i) temperature increase due to dielectric losses in the substrate and sensor (ii) RF pick-up of the resistive lines (Ti/Au leads and microstrip lines), i.e., induced RF currents, which heat up the sensor and may cause electronic artefacts, e.g., RF rectification at nonlinear material junctions.
The first issue of dielectric losses is of less concern, because the electric conductivity σ of the glass substrate and sensor can be assumed to be negligible as compared to the lossy environment under investigation (e.g.,
at a frequency of 1 MHz). However, the sensitivity to RF pick-up needs to be analysed in detail, especially since the sensor lines may not necessarily be totally immersed in lossy media. RF pick-up was assessed by exposing the sensor to an incident electric field at 1800 MHz ( figure 3(a) ). An R18 rectangular waveguide was used to generate a large homogeneous E-field, whose polarization was in parallel to the sensor lines (65 mm) in order to maximize the coupling. Compared to the leads, induced currents in the a-Ge element can be neglected, because of the orders of magnitude higher sheet resistance and much lower spatial dimensions of the a-Ge. To distinguish the effects of induced currents from dielectric losses (which are of no concern for measurements in lossy media), the sensitive tip of the probe was thermally stabilized within a water bath below the waveguide. The distance between the sensor tip and the waveguide bottom was 5 mm. An enhanced sensor noise level with increasing incident E-field was found. For field strengths up to 1 kV m −1 , the noise of the sensor is still less than 20 mK. However, for precise measurements in higher incident fields, the probe should be positioned perpendicular to the E-field vector in order to avoid RF coupling. This effect is shown in figures 3(b) and (c). Whereas the 1.7 kV m −1 E-field in parallel to the tip increased the noise level by a factor of about 6, the same incident field in perpendicular polarization did not show any interference with the sensor.
SAR distribution for a cell medium inside a Petri dish

Objectives
The objective of this investigation is to evaluate the performance of the novel sensor in strong SAR gradients (>3 dB mm −1 ). Such SAR gradients occur in Petri dishes (Burkhardt et al 1996) which could only be determined with a miniaturized E-field probe but not with a classic thermistor sensor (VITEK thermistor, BSD Medical Devices, USA) as reported in Poković et al (2000) .
Methods
Experimental as well as numerical methods were used to analyse the scenario of an RF exposed Petri dish (35 mm diameter) within a waveguide-based exposure setup at 1800 MHz (sXc-1800, Schuderer et al 2004b) . The SAR was measured with the a-Ge probe for a vertical line in the centre of the Petri dish. The sensor was positioned through a hole in the waveguide top and Petri dish cover. The dish itself was placed inside a standing wave H-field maximum of the resonator mode. Temperature data were analysed with a linear regression over a period of 1 s, starting the evaluation 50 ms after the power was switched on. Artefact-free measurement was verified by placing the probe in air and applying the power. No effect upon the sensor response could be seen, because only a low E-field parallel to the tip was present.
To allow a full 3D analysis of the exposure and in order to verify the measurement results, a coupled electro-thermal FDTD simulation was performed with the simulation platform SEMCAD (Schmid & Partner Engineering AG, Switzerland) . Details about the electromagnetic simulation of the sXc-1800 waveguide system can be found in Schuderer et al (2004b) . The numerical model for thermal simulation consisted of a single Petri dish, the cell medium and the sensor tip exposed to a standing wave H-field maximum, generated by two incident plane waves. This exposure configuration resulted in a similar SAR distribution as for the waveguide. Heat transfer due to conduction, radiation and convection was considered (for methods, see Samaras et al (2000) ). A combined heat transfer coefficient for convection and radiation of h = 7.1 W Km −2 was used to model the medium-air and dish-air interfaces (heat transfer modelling was validated by measurements, Schuderer et al (2004b) ). All material parameters used in the simulation are summarized in table 2. 
Results
Measurement results for the SAR are compared to the simulation in figure 4. Good agreement between measurement and simulation was found (average deviation <20%) for the 1 s SAR evaluation period. However, when applying an SAR evaluation over a period of 5 s, with an evaluation start 2 s after the RF was switched on, the measured data did not agree with the simulation. For this evaluation period, heat diffusion processes have already become dominant and no longer allow for an accurate SAR assessment. Details about the SAR distribution and heat diffusion can be seen in figure 5 . As shown in figures 5(b) and (c), the sensor provides good transparency, neither leading to considerable electromagnetic field nor to temperature disturbances. Heat diffusion within the medium is very fast. After 10 s of exposure, the temperature distribution in the medium is no longer an accurate representation of the SAR distribution. Therefore, evaluation periods in the order of a second are required to resolve the SAR gradients in Petri dishes with thermal techniques. This underlines again the requirement of a short response time 200 ms for a suitable temperature sensor. 
Conclusions
A miniaturized temperature probe for radiofrequency microdosimetry applications was realized. The sensor has a temperature noise level of 4 mK and a response time of the order of 10 ms. The ultra-small thermistor probe with a sensitive a-Ge layer of 50 µm × 100 µm and a cross section of the sensor tip of 0.4 mm × 0.25 mm exhibits very high spatial resolution and is ideally suited to map strong gradients in SAR and temperature distributions. Additionally, the small size of the sensor allows measurements at very low distances to solid boundaries (<200 µm). The new probe was applied to assess the SAR distribution of an RF-exposed cell medium within a Petri dish. Good agreement with FDTD simulations was found; SAR gradients of several dB/mm were successfully resolved.
